What is believed to be a new technique that allows for the simultaneous measurement of 2D temperature and chemical species concentration profiles with high spatial resolution and fast time response was developed and tested successfully by measuring a thin layer of fuel vapor created over a volatile fuel surface. Normal propanol was placed in an open-top rectangular container, and n-propanol fuel vapor was formed over the propanol surface in a quiescent laboratory environment. An IR beam with a wavelength of 8 -13 m emitted from a heated plate and a He-Ne laser beam with a wavelength of 632 nm were combined and passed through the n-propanol vapor layer, and both beams were absorbed by the vapor layer. The absorption of the IR beam was recorded by an IR camera, and the He-Ne laser was used to form a holographic interferogram. Two-dimensional temperature and propanol vapor concentration profiles were, respectively, determined by the IR absorption and the fringe pattern associated with the holographic interferogram. This new measurement technique is a significant improvement over the dual wavelength holographic interferometry that has been used previously to measure temperature and fuel concentration, and it is ready for application under different types of fire and flame conditions.
Introduction
Understanding the characteristics of fuel vapor formation is important for predicting explosion hazards in many applications. Significant fuel leakage, and thus the possibility of an explosion, may occur during automobile accidents as the result of damage to fuel storage tanks during natural disasters such as earthquakes, or as the result of terrorism. [1] [2] [3] In a space environment, on the International Space Station for example, loss by fire is unfathomable. 4 In pool fires, it is the fuel vapor that forms just above the liquid surface that ignites to produce the flame. It is well known that the behavior of flames in a microgravity environment is fundamentally different from that observed here on Earth. Unfortunately, our understanding of fires produced as the result of the combustion of liquid fuels in a microgravity environment is incomplete. Given this, it is even more important that a highly accurate means of characterizing transient fuel vapor formation be developed.
In this paper what is believed to be a new method to measure the transient 2D fuel vapor concentration and temperature distribution has been developed that can be used to study the combustion mechanisms associated with liquid fuels. A method that has been previously used for such a purpose is the dual wavelength holographic interferometry (DWHI) method. [5] [6] [7] [8] The DWHI method realizes the transient 2D measurement of temperature and concentration distribution by using the interference fringe shift of two beams of laser light having different wavelengths. The wavelength difference between the two beams is practically limited to between 100 and 300 nm, and the dispersion of the interference fringes is very small. Since the refractive index of a liquid is a strong function of density, approximately 100 interference fringes͞mm are formed, and the gap between the interference fringes for a given wavelength difference can be observed. On the other hand, approximately 10 fringes͞mm are formed for gaseous measurements and a microscope is needed to accurately measure the interference fringes for a given wavelength difference. For this reason, while the DWHI method is frequently used for the simultaneous measurement of concentration and temperature in a liquid, it is seldom used to measure the temperature and concentration change simultaneously in a gas.
An IR camera has been used previously to measure the temperature of a solid and liquid fuel surface during combustion. 9 -13 In these studies, the IR camera was placed over the burning fuel to provide observation through the flame. An IR camera has also been used to measure the concentration of a fuel vapor over a quiescent liquid surface. 14 This was accomplished by correlating the absorption of IR thermal radiation by the fuel vapor with the concentration variations of the fuel vapor. However, using this procedure does not allow for the simultaneous measurement of temperature and concentration. To overcome this limitation, a new optical system was developed that combines the IR absorption method with the holographic interferometry method. The resulting infrared-holographic interferometry (IR-HI) system can measure transient 2D temperature and concentration simultaneously. This is accomplished by noting that the IR source and the He-Ne laser are two thermal radiation sources with a large difference in dispersion. The IR thermal radiation emitted from the hot isothermal surface is combined with the thermal radiation emitted from the He-Ne laser by a half-mirror. After the combined rays are absorbed by the fuel vapor layer through the same optical path, the IR image is recorded on the infrared camera and the He-Ne laser is used to generate a holographic interferogram. As mentioned above the concentration of temperature and species can be determined by an examination of the IR absorption and the fringe shifts on the holography interferogram. When applying the IR-HI method to the n-propanol fuel vapor, the measurement error was considerably smaller than that associated with the conventional DWHI method.
The primary objective of this investigation was to develop a method that would allow for the accurate measurement of transient fuel vapor concentration and temperature behavior. In Section 2, the details of the IR-HI method used to calculate the concentrations of temperature and species are outlined. The analysis used to determine the measurement error associated with the IR-HI method is explained in Section 3. Section 4 details the experimental apparatus, and the results obtained using this new method are presented and discussed in Section 5. The conclusions drawn from this investigation are listed in Section 6.
Measurement Principles

A. Dual Wavelength Holographic Interferometry
Assume that liquid fuel forms a 2D distribution of temperature, T f ͑z͒, and concentration, f ͑z͒, over its surface. The objective was to measure the unsteady temperature and concentration behavior simultaneously. This purpose was achieved by the optical combination of holographic interferometry and an IR absorption thermography method.
Holographic interferometry is based on refractive index changes in the gas phase due to variations in both temperature and species concentration. A quantitative evaluation of interferograms and details of interferogram analysis can be found in Vest 8 and Konishi et al. 15 The refractive index of a gas is related to density by the Gladstone-Dale equation. The Gladstone-Dale equation for an isothermal mixture of air and fuel vapor can be given by
where n is the refractive index of the fuel vapor and air mixture, n 0 is the refractive index at the atmospheric condition, is the Gladstone-Dale constant, M is the molecular weight, and subscripts a and f denote air and fuel vapor, respectively. If the temperature of a binary ideal gas mixture changes from its initial value T 0 to T f ͑z͒, Eq. (1) can be replaced by the following expression:
where P is total pressure and R is the gas constant of the mixture. The change in refractive index is related to the number of fringes in the interferogram by the relation
By combining Eqs. (2) and (3), the resulting interferometric fringe pattern can be interpreted to determine the temperature distribution of the fuel vapor by
Equation 4 has two unknowns, T f ͑z͒ and f ͑z͒. It is possible to apply DWHI to obtain both values since the Gladstone-Dale constants depend on wavelength. In the DWHI method, interferograms are recorded at two different wavelengths, 1 and 2 . If we denote the resulting number of fringe shifts in each wavelength by N 1 and
Once N 1 and N 2 are determined from two interferograms, the temperature T f ͑z͒ and the density f ͑z͒ can be calculated. 8 Figure 1 provides a typical example of the interferograms obtained for the fuel vapor above a quiescent pool of n-propanol liquid fuel at 44°C with the original image shown in Fig. 1(a) , the interferogram produced using the He-Ne laser shown in Fig. 1(b) , and the interferogram produced using the argon-ion (Ar-ion) laser portion shown in Fig. 1(c) . Figure 2 shows the concentration profile obtained by Eqs. (5) and (6) . The fringe number of the Ar-ion laser varies intentionally from 9.05 to 9.25. This figure indicates that concentration and temperature values are sensitive to small changes in fringe number. The real fringe number and the corresponding concentration value are denoted as N real and real , respectively. In the same way, the reading fringe number and the corresponding concentration value are designated by N read and read , respectively. The reading error and concentration error are defined as ͑N real Ϫ N read ͒͞N read and ͑ real Ϫ read ͒͞ read , respectively. Figure 3 shows the relationship between the concentration and the temperature errors as a parameter of the reading error. The errors are calculated from Eqs. (5) and (6), assuming that N 1 is constant and N 2 varies intentionally according to the reading error. This figure suggests that a high accuracy of reading the fringe number is required to determine the concentration and temperature profiles. Since the reading precision in our experiments is 10% at best (a special resolution of 20 m is necessary), the maximum concentration error is of the order of 300%, and the temperature error is approximately 40%. As indicated in this Subsection, the DWHI method is susceptible to small errors because the Gladstone-Dale constants are only weak functions of wavelength. Since the fringe difference between two beams is considerably small, it is difficult to conduct a precise measurement using Eqs. (5) and (6).
B. Infrared Absorption Method
As stated in Section 1, the objective of this work was to develop a technique that combined a holographic interferometry and an IR thermography method to measure temperature and concentration with an accuracy superior to that of the DWHI. Previously, the authors used an IR thermograph technique, with an IR beam that had an 8-12 m spectral range, to measure 2D profiles of vapor concentrations over liquid fuels. The liquid fuel formed the vapor concentration, f ͑z͒, and the temperature distribution, T f ͑z͒, over its surface as shown in Fig. 4 . A black painted copper block (with an emissivity greater than 0.99) was used as the IR source and was assumed to behave as an isothermal graybody. As the IR thermal radiation emitted from the isothermal graybody passed through the air, the spectral intensity was reduce to I a, , given as
where ␣ a, is the absorption coefficient of the air having an average wavelength of 8 to 12 m, a is the density of the air, and L is the path length, which is nearly equal to the tray length, 16 is the StefanBoltzmann constant, IR, is the emissivity settings of the IR camera operating in the 8 to 12 m spectral range, and T w is the wall temperature of the isothermal graybody. When the wall temperature of the graybody through the air is measured by the IR camera, the spectral intensity I a, is equivalent to the intensity having the equivalent wall temperature T w Ј of a graybody. Then we will consider the radiation of intensity I fa within an absorbing and emitting fuelair mixture as shown in Fig. 4(b) . The intensity I fa,
16
is given as
where ␣ fa, is the absorption coefficient, fa is the density, fa, is the emissivity, and T fa is the temperature of the fuel-air mixture, respectively. As described above, the spectral intensity I fa, is equal to the intensity of the equivalent wall temperature T w Љ of a graybody when the surface temperature through the fuel-air mixture is measured by the IR camera. Assuming w, Ͼ Ͼ fa, and dividing Eq. (7) by Eq. (8) yield
Simplifying Eq. (9) gives
Therefore the result is the following equation providing fuel vapor concentration:
The density of the fuel vapor is determined by the logarithmic ratio of the equivalent wall temperature without fuel vapor T w Ј and with fuel vapor T w Љ measured by the IR camera. In Eq. (12) the average spectral absorption coefficient ␣ f, is determined experimentally when the surface density of fuel vapor f 0 is determined by the equilibrium vapor concentration at the liquid surface:
By substituting Eq. (12) into Eq. (5) or Eq. (6), the temperature distribution T f ͑z͒ can be calculated using
Error Analysis
A. Holographic Interferometry
As the laser and IR rays pass through the mixture of fuel vapor and air, the rays are bent in the direction of the increasing index of refraction. A refraction of the ray results in three types of error: (a) a geometric error in the position of the fringes due to deflection of coordinates, (b) a concentration error due to the variation in concentration along the ray path caused by deflection, and (c) a concentration error due to the change in path length. The error that is due to (c) is negligibly small. We now present a brief description of factors (a) and (b). Details of the error analysis can be found in Refs. 15-17. Figure 5 illustrates the geometric errors ␦ C ϩ ␦ T , the concentration errors ⌬ C ϩ ⌬ T , the effect error ⌬ y , and the total errors. The measurement errors are relative to the equilibrium vapor concentration at the liquid surface for 40°C n-propanol. In the experi- ments performed during the course of this study, the concentration gradient was in the 5-20 vol. %͞cm range and the temperature gradient was in the 25-80 K͞cm range. For a path length of 160 mm, the total error is estimated to be 2.8%. Figure 6 shows the effect of wavelength for a path length of 160 mm. Since the effect of wavelength on relative errors was negligibly small, the relative errors caused by the He-Ne laser and the IR rays were almost the same. The maximum error for 5 vol. %͞cm and 25 K͞cm was estimated to be 3.4%.
B. Infrared Absorption
In Eq. (8), as temperature T f ͑z͒ varies not with the x coordinate, but with the z coordinate, Eq. (8) reduces to the following formula:
Equation (13) is composed of two parts, the absorption term and the emission term of the fuel-air vapor.
In Subsection 3.A we assumed w, Ͼ Ͼ fa, and neglected the emission term in Eq. (8) 
where I fa, Ј is the modified intensity including the effects of the gas-phase emission term and the absorption coefficient shift. The relative errors for the gas-phase emission term and the absorption coefficient shift are calculated independently as shown in Fig. 7 . The bottom axis indicates the spectral gas emissivity, and the top axis shows the absorption coefficient shift caused by wavelength, temperature, and density of chemical species. The absorption bands for vapor n-propanol are unknown, and liquid n-propanol has three bands such as the OH band ͑3.0 m͒, the CH band ͑3. 
where is the optical thickness, ␤ is the overlap parameter, X is the pressure path length, d is the mean line spacing, b is the line half-width, S is the mean line intensity, and p is the partial pressure of fuel vapor. Since the CO band ranging from 8 to 12 m for liquid n-propanol has d ϭ 167 cm
, and S ϭ 7.5 atm cm
Ϫ2
, we get ϭ 0.049, ␤ ϭ 0.940, X ϭ 1.09, and x ϭ 0.026 for p ϭ 0.068 atm, which is equivalent to the saturated vapor pressure of n-propanol at 40°C. Therefore Eq. (17a) yields fa, ϭ 0.049 for the spectral emissivity for the CO band ranging from 8 to 12 m. The maximum relative error caused by the gas-phase emission term was approximately 15% at T w ϭ 200°C and approximately 25% at T w ϭ 150°C for a liquid temperature of 40°C. The temperature of copper black surface was set to be approximately 120°C as the relative error caused by the gas-phase emission was within approx- imately 30%. As the partial pressure of the fuel vapor decreased along with the z coordinate, the relative error decreased. The absorption coefficient ␣ fa, ͑T, ͒ is a function of wavelength, temperature, and density of chemical species. Since the temperature dependence of the absorption coefficient for vapor n-propanol is unknown, we do not have a means of knowing the temperature dependence except by guessing from another gas. If the normalized temperature change T f ͞T 0 is less than 5, the absorption coefficient change is less than 1% for a water vapor 16.4 m band, carbon dioxide 15 m band, respectively. In our experiment, the temperature dependence was negligible since the normalized temperature change was as small as T f ͞T 0 ϭ 313͞298 ϭ 1.05. The dependence of species was unclear for n-propanol so far as we investigated. Figure 8 shows the newly developed IR-HI experimental apparatus that combines holographic interferometry with IR absorption thermography. The holographic interferometer was essentially the same as that used in previous studies. 9, 13, 15 The light source was a 30 mW He-Ne laser. The laser beam was divided into two beams by a partially reflecting mirror. The object light passed through the mixture of air and fuel vapor, which was evaporated from the liquid surface of the fuel tray. The Pyrex fuel tray that was used measured 20 mm wide ϫ 25 mm deep ϫ 160 mm long. The ray was bent over the liquid surface due to the density variations caused by vapor concentration and temperature changes. The object and reference light waves interfered with each other at the holographic plate. Real-time holographic interferometry was used. The fringe shifts caused by the evaporation of the fuel were recorded by using a CCD camera with a shutter speed of 1͞250 s and were interpreted by image processing software.
Experimental Apparatus
The details of the IR absorption apparatus are reported in a previous paper. 14 A solid copper cylinder 50 mm in diameter and 50 mm thick was used as the graybody radiant source. The surface of the copper cylinder had a smooth machine finish and was painted with a flat black paint. The temperature of the copper black surface was set at approximately 120°C as the relative error caused by the gas-phase emission was within approximately 30%. The IR thermal radiation emitted from the hot copper surface was partially reflected by a glass mirror. The reflected ray passed through the fuel vapor so that the ray was superimposed on the He-Ne laser. Since the mirror placed on the other side also reflected the IR ray partially, the ray was recorded by the IR camera (Inframetrics Model 760, HgCdTe 77 K). The IR ray had an 8-12 m spectral range, a temperature resolution of 0.1°C, and a response time of 30 ms. The IR image was accurately interpreted into vapor concentration by image processing software. Selecting the glass mirror is the most critical decision when designing the experimental apparatus. The mirror must be selected so that the He-Ne laser beam can pass through it and the IR ray will be reflected.
Results and Discussion
The typical results of the IR images and the holographic interferograms are shown in Figs. 9(a) and 9(b), respectively. A quasi-steady state condition for n-propanol at a 40°C bulk temperature was observed for the measurement. The position of the temperature distribution and concentration distribution was right-and-left reverse due to the reflection by the mirror. The IR image and the holographic interferogram were interpreted into 2D concentration and temperature profiles by using Eqs. (12) and (14) . Figures 10 and 11 show the isoconcentration lines and the isothermal lines, respectively. The x coordinate shows the horizontal distance from the center of the tray, and the z coordinate shows the vertical distance from the fuel surface. As the IR image and the holographic interferogram were not symmetrical due to air flow (approximately 10 cm͞s) over the fuel tray, 20 the 2D profiles of the obtained temperature and concentration were asymmetric, and the two profiles resembled each other, as shown in Figs. 10 and 11 . The theoretical line calculated for the 1D diffusion equation 20 is indicated in Fig. 12 for comparison with the experimental data. The solid symbols show the average values, and the error bars indicate the range of the maximum and the minimum values along with the x coordinate. The measured concentration profiles agree fairly well with the theoretical results. The temperature profile independently measured by thermocouples is also shown in Fig. 12 . The measurement procedures for the thermocouple temperature measurements have been explained in previous papers. 14, 15 Eight Chromel-Alumel thermocouple wires of 50 m diameter were stretched over the fuel surface at intervals of 1 mm. The junctions of the ther- mocouples were located at the center of the tray. The temperature measured by the IR-HI method and the thermocouples is 35°C and 33°C at 2.5 mm 30°C, and 28.3°C at 4.6 mm, and 25°C and 25°C at 7.5 mm above the fuel surface, respectively. The difference in measured temperature between the IR-HI method and the thermocouples deceases as the z increases. The discrepancy between the IR-HI method and the thermocouples exists because the each temperature profile is independently measured by thermocouples and the IR-HI method, respectively, and the profiles are unsteady due to air draft over the fuel tray.
Conclusions
A new optical system that combines the IR thermography method with the holography interferometer method has been developed. This IR-HI method has been used to simultaneously measure the transient 2D temperature and concentration profiles of the fuel vapor formed above a volatile fuel surface. The estimated accuracy of this method is a maximum of 30% for n-propanol at 40°C, and the copper block temperature is 120°C. The maximum concentration error is of the order of 300%, and the temperature error is approximately 40% for dual wavelength holographic interferometry if the reading precision is achieved within 10% (i.e. a special resolution of 20 m is necessary as a microscopic measurement). The measured concentration using the IR-HI method agrees fairly well with the theoretical results. The discrepancy between the IR-HI method and the thermocouples exists because each temperature profile is independently measured by the thermocouples and the IR-HI method, respectively, and the profiles are unsteady due to air draft over the fuel tray.
